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ABSTRACT 

This  report  deals  vlth  Instrunentatlon  dereloped 
to  record  the  conplex  anplitude  distribution  of  pulsed 
radio  uaTes  after  reflection  by  the  ionosphere.  The  method 
of  recording  has  as  its  basis  a  semiconductor  smltch  which 
provides  rapid  scanning  of  six  antennas  placed  in  a  linear 
array.  Although  observations  are  currently  being  made 
visually  with  film  recording,  provisions  have  been  made  for 
changeover  to  a  digital  recording  method  for  analysis  by  a 
high  speed  computer. 

Complete  descriptions  of  the  various  parts  of 
the  equipment  are  given,  and  preliminary  results  obtained 
by  the  visual  method  are  shown* 
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CHAPTIR  I 


INTRODUCTION 

Radio  vaToa  obaarTod  aftar  reflaction  fron  tha 
ionoaphara  axhiblt  fluetuatlona  In  anplltuda  and  phaaa.  A 
larga  body  of  Inraatlgatlona ,  which  will  ba  traatad  ahortly, 
indicatea  that  thaaa  fluotuationa  ara  cauaad  by  patehaa  of 
lonlaation  which  ara  wora  danaa  than  tha  awbiant  lawel  of 
tha  surrounding  Ionoaphara.  A  forn  of  repraaantatlon  of 
this  danaa  patch  of  lonlaation  or  Irregularity  la  a  thin 
acraan  which  altara  tha  anplltnda  and  phaaa  of  a  radio  wara 
paaalng  through  It.  If  tha  wara  incident  on  tha  acraan 
wara  a  plana  wara,  bafora  paaalng  through  tha  acraan  tha 
aqulphasa  points  or  wawafront  would  ba  a  straight  llna. 

Upon  anarganca  fron  tha  acraan,  tha  warafront  would  ba  a 
random  curva.  Bacausa  of  dlffractlTa  changes,  tha  form  of 
this  curve  yarlas  with  dlatanoa  from  tha  acraan.  Tha  wave¬ 
front  observed  on  the  ground  corresponds  to  tha  diffraction 
pattern  of  physical  optica. 

Any  study  of  tha  nature  of  ionospheric  Irragularl- 
tias  by  ground  baaed  radio  transmlttars  and  raeaivars  nuat 
Include,  therefore,  an  analysis  of  the  diffraction  pattern. 
This  pattern  can  ba  measured  by  a  number  of  raeaivars  whose 
separation  is  suffleiantly  larga  to  resolve  tha  structure 
of  the  wavefront.  Tha  wide  aperture,  high  directivity, 
scanned  antenna  array,  to  ba  daseribad  in  this  study,  pro¬ 
vides  a  ready  naans  of  studying  tha  diffraotlon  pattern. 


-2 


A.  PREVIOUS  RBLATSD  STUDIES 

R«tellff«  and  Pansay^  obaarved  the  aaplltuda  flne- 
tnatlons  of  lonoapharleally  raflaetad  aavaa  with  apaead  ra- 
eairara.  Thay  found  that  tha  cloaar  tha  racalTara  vara  to 
aaeh  othar  tha  aora  aivllar  vara  tha  anplltuda  varlationa, 
and  tha  farthar  avay  thay  vara  tha  aora  dlaalallar.  Thay 
suggaatad  that  tha  anplltuda  dlffarancaa  batvaan  antannaa 
vara  eauaad  by  diffraction  and  that  tha  fading  or  fluctua¬ 
tion  vaa  eauaad  by  a  notion  of  the  diffracting  irregularity. 

2 

Pavaay,  ualng  a  apaead  racalvar  nathod,  nada  tha  flrat 
naaaura  of  tha  apaad  of  an  irregularity.  Ha  naaaurad  tha 
tine  dlffaranea  batvaan  related  maxiaa  at  tvo  raealTora  a 
knovn  dlatanea  apart  and  froa  thla  eonputad  tha  drift  raloe- 
ity  of  tha  irregularity  in  tha  ionoaphara.  Ratcliffa,^ 
baaing  hla  theory  on  tha  aathaaatieal  analyaia  of  randoa 
nolaa  by  Riea,^  conparad  tha  fading  of  raflaetad  radio  varaa 
to  tha  problan  of  paaaing  randoa  nolaa  through  a  filter. 
Booker,  Ratcliff a  and  Shinn^  analyaad  the  diffraction  af- 
facta  produced  vhan  a  plana  vaTO  la  incident  upon  a  dif¬ 
fracting  aeraan  vhieh  la  irregular  in  tha  horiaontal  direc¬ 
tion.  They  aleo  related  the  diffraction  pattern  to  a  gen- 
araliied  apatlal  autocorrelation  function  vhieh  la  InTariant 
vlth  diatanca  froa  tha  diffracting  aeraan.  Booker  and 
Claaaov^  related  tha  concept  of  an  angular  apactrum  of  plana 
varaa  to  tha  polar  dlagraa  of  an  antenna  and  to  the  dlatrl- 
bution  of  varaa  aaarging  after  diffraction  at  an  aperture. 
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Briggs,  Philllpt  and  Shinn^  daraloped  a  aathod  for  taking 
Into  account  the  affaots  of  drift  and  random  raloclty  by 
autoeorralatlon  analyala. 

Bramlty  dOTOlopad  the  theory  of  a  random  cone  of 

domnoomlng  aaToa  employing  methods  Introduced  by  Kice^  for 

the  analogous  problem  of  tine  rarying  noise.  He  also  der- 

iTod  expressions  particularly  suited  to  analysis  of  direc- 

e 

tion  finding  errors.  Hevlsh,^  basing  his  analysis  on  radio 
atar  scintillations,  discussed  the  problem  of  a  radio  mare 
passing  through  a  thin  phase  changing  screen.  In  a  later 
paper  Heulsh^^  developed  the  theory  for  determining  the 
height  of  Irregularities  from  observations  of  the  amplitude 
and  phase  of  extraterrestrial  radio  vaves.  Fejer^^  deduced 
the  angular  spectrum  produced  when  a  nave  passes  through  a 
thick  medium  containing  weak  Irregularities  of  electron  den¬ 
sity  with  a  tvo-dlmenelonal  Qausslan  autocorrelation  func¬ 
tion.  For  the  case  of  meek  scatter  by  the  medium,  the  amp¬ 
litude  of  the  signal  a  long  may  from  the  screen  was  shown 
to  have  a  displaced  Qausslan  probability  distribution.  For 
the  case  of  strong  scatter  the  amplitude  of  the  signal  at  a 
great  distance  had  a  Rayleigh  distribution.  Bramley  ar¬ 
rived  at  a  result  identical  to  Fejer^^  by  assuming  the  me¬ 
dium  to  be  a  single,  thin,  deeply  modulated  phase  screen  of 

9  10 

the  type  treated  by  Hewlsh.  '  Jones,  Hillman  and 
Mertney^^  attempted  to  locatw  the  region  In  the  Ionosphere 
In  which  the  irregularities  causing  the  fading  of  150  ko/s 
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>adlo  art  •Ituatad.  AasuBing  that  tha  Irrafalaritiaa 

ara  balov  tha  laral  of  raflaotion  and  aaanaing  that  tha 
flald  baloa  tha  Irragnlarlty  la  tha  aaaa  aa  tha  flald  at  tha 
ground ,  tha  ratio  of  aaplltnda  to  phaaa  ehanga  aaaanrad  at 
tha  ground  dataralnaa  tha  halght  of  tha  Irragvlarlt/  throni^ 
tha  knoan  rarlatlon  of  oolllalon  fraquaney  alth  halght. 
Boahlll^^  oonaldarad  tha  fading  of  radio  aaraa  bataaan  16 
and  2it00  ke/a.  Izparlaanta  baaad  on  rartleal  Inoldanea  aaa- 
anraaanta  at  70  and  85  ke/a  Indicated  that  tha  dlffraetioa 
affaeta  aara  different  for  different  fraqnanolaa. 

Batellffa^^  annnarlaad  azlatlng  papara  ralarant  to  tha  flald 
of  diffraction  In  tha  lonoaphara. 

Honaton^^  Baeanrad  phaaa  ehangaa  of  a  pnlaad  radio 
aigaal  at  75  ke/a  incident  Tartlealljr  on  tha  lonoaphara.  Ha 
daTalopad  a  nathod  of  phaaa  eoaparlaon  for  pnlaad  algnala 
nhleh  la  baalc  to  tha  phaaa  naaanrlng  eoaponanta  of  the  nlda 
aperture  antenna  ayataa  daaerlbad  In  thla  atndj.  Plttaaaj^^ 
Inraatlgatad  tha  aoattarlng  of  a  uara  which  aeeoapanlaa  re¬ 
flection  froB  a  atratlflad  lonoaphara  containing  weak  Irra- 
gularltlaa.  Ha  aaauaad  that  tha  Irragularltlaa  ara  confined 
to  a  thin  laxar  near  a  glTcn  halght  and  axaalnad  tha  poaal- 
bllltj  that  Ineraaaad  acattarlng  alght  be  brought  about  If 
tha  halght  of  tha  laxar  vara  near  tha  halght  of  reflection 

of  tha  uara .  Thla  vaa  not  found  to  ba  tha  caaa. 

1 8 

Bovhlll  conaldarad  tha  acattarlng  of  an  alaotro- 
aagnatle  vara  bj  a  contlnuoua  aadlnn  containing  three- 
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dlaansional  randoa  inhoBoganeltles  of  rofractlvo  index. 

The  fore  of  the  angvlar  poeer  apeetrue  eae  derived  for  the 
ease  of  aniaotroplo  scales  of  the  inhonogeneities  in  the 
three  apace  directions.  In  a  liter  paper  Boehill  ^  devel¬ 
oped  the  ■athenatioal  tools  for  studying  the  statistical 

properties  of  a  randoe  signal  diffracting  in  free  space. 

20 

Hargreaves,  using  spaced  receivers  and  aonitoring  aapli- 
tude  and  phase  fluctuations  at  16  kc/s  after  reflection 
froe  the  ionosphere,  deduced  that  the  ionosphere  aodulates 
the  phase  rather  than  the  aaplitude  of  the  nave.  Moreover, 
he  found  that  a  nodel  of  the  ionosphere  in  nhich  the  re¬ 
flection  coefficient  is  constant  and  the  height  of  reflec¬ 
tion  fluctuates  conforaed  aith  observed  fluctaatione  at 
the  ground. 

B.  STATIMBMT  OF  THE  PROBLEM  AND  DEFINITION  OF  TERMS 

The  specific  problea  to  be  solved  in  this  study 
is  the  developaent  of  a  technique  for  studying  the  angular 
spectrua  of  lonospherically  reflected  naves.  The  angular 
spectrua,  nhich  nlll  be  acre  fully  discussed  in  Chapter  IV, 
is  produced  nhen  an  electroaagnetic  nave  passes  through  a 
thin  diffracting  screen.  It  is  defined  as  an  aggregate  of 
infinite  plane  naves  traveling  in  all  directions.  Each  of 
the  coaponent  naves  travels  in  its  onn  direction  independ¬ 
ently.  At  any  plane  parallel  to  the  diffracting  plane  the 
coaponents  of  the  angular  spectrua  arrive  nlth  phase  dif¬ 
ferences  depending  on  their  direction.  The  nave  asaeably 
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adda  to  fora  a  diatrlbatioB  of  eoaplaz  aaplitvda  vhleh  la 
diffarant  for  aaeh  plana. 

Dlffraetion  naj  ba  daflnad,  tharafora,  aa  tha 
Intarfaranea  affaet  prodnoad  bj  apraadlng  alaetroaagnatle 
aaTaa  in  fraa  apaoa,  and  tha  dlffraetlng  aeraan  naj  ba  da- 
finad  aa  any  diatnrbanea  ahleh  glraa  riaa  to  thaaa  affaota 
ahan  intarpoaad  bataaan  tha  aonrea  of  tha  aara  and  tha  ob- 
aaraar . 

In  phyaleal  optica  tao  tjpaa  of  diffraction  ara 
ooaaonlj  dlacnaaadt  Fraanal  and  Frannhofar  diffraction. 

Tha  tranaltion  fron  ona  tjpa  to  tha  other  ia  a  fnnetion  of 
tha  dlatanea  of  tha  obaaraar  fron  tha  diffracting  aeraan. 

21 

Spacifloally,  dlatancaa  laaa  than  -y— ,  ahara  D  ia  tha 
hOTiaontal  aztant  of  tha  diffracting  aeraan  and  1  la  tha 
aaaalangth  of  tha  ineidant  radiation,  ara  aithin  tha  Fraanah 

2D^ 

region.  Dlatancaa  fron  tha  aeraan  greater  than  ara 
aithin  tha  Fraunhofer  region.  The  aaTolangth  of  tha  dif* 
fraction  pattern  being  InTaatlgatad  bj  the  technique  daa- 
eribad  in  thla  atudj  ia  1  ka.  A  aaaauraaent  of  tha  pulaa 
dalaf  anooantarad  in  raflaotion  fron  tha  ienoaphara  indi¬ 
cates  that  the  height  of  reflection  la  about  100  kn.  Aasun- 
ing  that  the  Irregularities  acting  as  diffracting  seraans 
ara  baloa  the  height  of  reflection  and  that  their  horiiontal 
dinanalons  are  on  the  order  of  $  kn,  the  expression  abore 
indloatas  that  tha  dlffraetion  problan  ia  a  Fraunhofer  dif¬ 
fraction  preblan. 
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Baeftut*  It  a«rT«s  ••  «  first  prlnelpla  approach 
to  tha  coneapt  of  an  angular  apraad  of  uaras  anarging  from 
an  Irragularlty  after  a  plane  vare  la  Inoldent  upon  it, 
geonetrloal  optics  uill  also  be  discussed  in  Chapter  IV. 
Qeonetrical  optica  is  that  branch  of  phjsios  vhich  treats 
an  electronagnetio  disturbance  as  if  it  were  conpoaed  of 
rays  diverging  in  various  directions  fron  the  source  and 
abruptly  returned  after  reflection  or  refraction  froa  a  sur* 
face.  In  short,  geoaetrical  optics  neglects  the  eavelength 
of  the  nave  being  studied.  Obviously,  the  existence  of 
diffracting  or  spreading  effects  as  well  as  scattering 
tends  to  invalidate  the  ray  approach  when  the  incident  wave* 
length  la  on  the  order  of  the  dlaensions  of  the  disturbing 
body.  Scattering,  on  the  other  hand,  is  a  randoaisation 
brought  about  by  reflection  from  a  rough  surface. 

Diffracting  screens  nay  produce  aaplltude,  phase, 
or  aaplltude  and  phase  variations  on  an  incident  plane  aave. 
In  this  study  consideration  uill  be  given  only  to  shalloa 
aaplltude  and  phase  screens.  According  to  one  defini¬ 
tion,^^  a  phase  screen  is  deep  or  shallow  depending  on  whe¬ 
ther  the  phase  excursion  is  substantially  larger  or  saaller 
than  one  radian.  There  le  an  equivalence  between  a  shallow 
aaplltude  and  a  shallow  phase  screen. 
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CRAPTBt  II 

IXPtBIllBITAL  1BTB8TI0ATI0B 

Thli  atudj  it  eonetrntd  vlth  etrtaln  atptett  onlf 
of  tht  dtalga  of  tho  leanBod  aatOBna  ajatoa.  HoNarar,  for 
eoBTonlaaea  tha  aatlra  tTataa  all!  ba  daaerlbad. 

A.  APPARATUS 

Tha  prlaarj  ooBaldaratlooa  in  tha  datiga  of  tha 
aida  apartnra,  high  diraetiaity,  aeannad  antanna  arraj  arat 

1.  tha  OTorall  antanna  ajataa  anat  ha  eapahla  of  a 
rapid  aean  of  all  antanna  alaaaata  and  ha  anitahla  for  aaa 
at  long  diataneaa) 

2.  tha  ayataa  anat  proaida  a  aaaanra  of  tha  aaplitada 
and  phaaa  of  tha  signal  at  aaeh  antanna  aa  aall  at  tha 
aaata  of  tha  phaaa  aariations} 

3.  tha  anplitn<*i  and  phaaa  diaplaj  anat  ha  raadiljr 
eoaaartihla  to  digitisation  for  analjais  hj  a  high  apaad 
digital  eonpntar; 

U.  tha  syatan  anat  ha  inaansitiaa  to  local  eliaatie 
aariations . 

Tho  two  alanenta  of  the  ecannad  antanna  ajataa 
daaalopad  as  part  of  this  stndj  ara  a  saaieondnotor  aaitoh 
and  a  ao-eallad  "stairstap  ganarator” .  Thaaa  aloaanta  aill 
ha  daserihad  first.  In  addition,  a  doTioa  aaa  doTolopad  to 
adapt  tha  saitehod  antanna  sjstaa  for  continnons  raeordiag 
of  tha  phaaa  of  tha  raoairad  aigaal  at  all  antannaa. 
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Th«  rapid  aean  of  antaana  alaaanta  la  aeeoapllahad 
bj  tba  aaa  of  a  aaaleondaetor  aviteh  vhieh  «aa  daalfnad  and 
doTolopad  aa  part  of  tbla  atadj.  Tba  baaie  avltob  unit  la 
abovn  la  Figaro  1.  A  blaa  roltage  of  approzlaataly  10  Tolta 
la  apbllad  to  ableb  aalatalaa  dloda  D2  la  a  atato  of 
aoadaetlea  for  tba  eaao  ahoa  ao  poaltlro  Toltaga  la  appllod 
to  dloda  D^.  Wbaa  a  poaltlra  Toltaga  la  appllad  to  tba 
earraat  aoroaa  R2  laoraaaaa  aatll  tba  roltaga  drop  tbara  la 
aafflelaat  to  eoaatar  tba  TOltaga  aoroaa  R^ .  At  tbla  polat 
eoadaetloa  of  D2  eaaaaa.  Tba  raalatlaa  path  daflaad  bj  tba 
aarlaa  eoaaaetlon  of  aad  D2  la  tboa  aaaa  to  rary  froa  a 
aazlaaa  to  a  alalaaa  aad  tbaa  to  a  BazlaaB.  la  off act  tbla 
aarlaa  path  axaeataa  aa  "oa-off  aaqaaaea  aqalTolaat  to  that 
of  a  eoaraatlonal  avlteb.  For  tba  "oa"  parlod  a  low  lapad- 
aaaa  path  aslata  for  tba  algaal  froa  tba  aataaaa  aad  pra- 
aapllf lar  to  tba  raealzar . 

Wbaa  tba  flrat  aataaaa  la  abat  off  daa  to  tba 
blgb  iapadaaea  of  D2»  baoaaaa  of  tba  aarlaa  arraagaaaat  of 
tba  aaltebaa  aa  aboaa  la  Flgara  2,  avltob  aalt  aaabar  tao 
baglaa  tba  aaaa  "oa-off*  oyola.  It  aboald  ba  aotad  that 
In  tba  flrat  unit  aaintalna  a  loa  inpadanca  path  ableb,  la 
eonjanotlon  altb  tba  loa  lapadanca  of  tba  dlodaa  la  anlt 
tao,  again  prorldas  a  path  for  antanna  naabar  tao  late  tba 
raealaar.  Slallarly  aban  In  aacb  unit  la  atartad  Into 
eoadaetloa.  It  aaintalna  tbla  eondactlon  for  oontlnaoaaly 
laoraaalag  poaltlaa  TOltagaa  and  proTldaa  a  loa  lapadaaaa 
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path  for  anbaaqaant  aalteh  oyelas.  Rafarrlng  again  to 
Plgura  2f  tha  aaltehlng  oparation  antaila  alx  "on-off 
arrangaaanta  valng  Idantlaal  eoaponanta  and  eonnaotad  aa 
■bean. 

Tha  tranalator  praaaplifiar  ahoan  in  Figaro  1 
aarraa  tao  parpoaaa.  Flrat  It  raiaaa  tha  raealrad  algnal 
aboTa  tha  noiaa  laaol  aneoantarad  along  tha  ahlaldad  faad 
liaaa}  aaeond  it  proTldaa  a  raady  aaana  for  adjaatlng  tha 
ralatlaa  aaplltadaa  of  tha  raealaad  algnala  to  alloa  for 
attanaatlon  along  tha  lina  and  to  alloa  for  alight  dlaara- 
paaeiaa  In  part  aalaetlon. 

If  a  poaitlTO  TOltaga  ahloh  ineraaaaa  eontlna- 
oaaly  ia  appllad  to  tha  aanleondaetor  aaiteh  arrangonent, 
aaeh  of  tha  aix  antennas  aill  be  sequantlally  aanplad  Indi- 
Tidaallj.  Tha  only  raqnlranant  ia  that  tha  total  saltohing 
▼oltaga  ba  largar  than  tha  total  biaa  roltaga.  Tha  firat 
aaitching  nathod  that  anggasts  Itaalf,  tharafora,  ia  a  saw¬ 
tooth  voltage  such  as  that  ahleh  is  availabla  fron  tha 
horisontal  swaap  eiroults  of  osellloscopas .  This  aathod 
was  invest igatad,  but  it  was  found  to  have  an  inherent 
shorteoning.  Since  the  gate  oparation  of  the  switch  does 
not  daaoriba  an  instantaneous  "on-Ci‘f"  cycle  with  a  conatant 
Inpadanea  for  tha  "on"  tine,  ninor  changes  in  tha  repeti¬ 
tion  frequency  of  tha  raoaivad  signal  would  change  tha  posi¬ 
tion  of  tha  signal  in  tha  gate  and  change  its  anplituda 
indapandantly  of  ionoapharie  obangaa .  This  sborteoning 
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rasnlts  because  the  eaetooth  Toltage  once  started  on  one 
pulse  of  a  train  la  inaensltlTS  to  subsequent  changes  in 
the  pulse  spacing  of  the  train. 

A  device  uas  thus  needed  uhlch  vould  provide  a 
constant  voltage  for  a  period  of  tine  sufficient  to  receive 
the  pulse  and  which  would  be  insensitive  to  minor  variations 
of  the  pulse  repetition  frequency.  This  problen  was  solved 
by  the  design  of  a  device  naned  a  "stairstep  generator". 

The  purpose  of  this  device  is  to  produce  a  succession  of 
equal  voltage  steps  each  of  which  lasts  the  sane  period  of 
tine.  Referring  to  Figure  3,  the  tubes  and  are 

trigger  and  delay  circuits  which  provide  the  input  to  a 
Miller  integrator,  tube  through  the  connecting  diode 
The  delay  output  is  such  that  each  step  of  the  train 
exactly  brackets  the  received  signal  in  time.  For  the  six 
antennas  six  steps  are  required.  The  recycling  of  the 
stairstep  generator  is  accomplished  by  means  of  a  delay 
gate  linked  to  the  oscilloscope  sweep.  At  the  end  of  each 
sweep  the  gate  is  applied  to  the  cathode  follower  which 
in  turn  feeds  the  dual  diode  The  action  of  the  diode 

discharges  the  capacitor  on  the  input  of  the  Miller  integ¬ 
rator  and  allows  the  unit  to  perform  another  cycle. 

Although  the  semiconductor  switching  arrangement 
is  the  basic  unit  of  the  wide  aperture,  switched  antenna 
system,  there  are  associated  units  necessary  for  the  record¬ 
ing  scheme.  A  simplified  diagram  of  the  various  units  and 
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tb«lr  int«rd«p«nd«ne«  la  ahoan  in  Fignra  It. 

Tba  27  ae/a  raoalTtr  la  tba  baale  ajnebronlsatlon 
unit  of  tba  antanna  ayataa.  Tba  27  ae/a  racalrar  output  la 
a  train  of  pulaaa  alth  a  pulaa  rapatltion  fraquancy  of 
12/aae .  Tba  300  ke/a  pulaa  tranaalttar  of  tba  lonoaphara 
Kaaaareh  Laboratory,  ahieh  la  loeatad  at  Scotia,  la  trig- 
garad  by  tha  aaaa  unit  ahlch  produeaa  tha  27  ae/a  aynehronl- 
■atlon  pulaaa.  Hovarar,  tha  aynehr onliatlon  pulaaa  ara 
tranaalttad  approxlaataly  $0  alcroaaeonda  bafora  tha  300 
ko/a  pulaaa  ao  that  tha  ground  pulaa  and  acho  both  appaar 
at  tha  baginning  of  an  oaeilloaeopa  auaap.  Tha  phantaatron 
unit,  which  la  fad  by  the  output  of  tha  aynehronlaatlon  ra- 
ealTar,  rejacta  apurloua  intarfaranca  and  nolaa  fron  tha 
27  Bo/a  raealrar  output  and  proTldaa  a  olaan  trlggar  for 
aubaafuant  functlona. 

Tha  atairatap  ganarator  haa  alraady  baan  dla- 
euaaad)  boaaTar,  tba  unit  aarkad  "low  lapadanea”  at  tba 
output  of  tha  atairatap  ganarator  haa  not  baan  diaouaaad. 

It  Dill  ba  noted,  hoaoTar,  that  thla  unit  auppliaa  tha 
atairatap  lapulaaa  to  tha  awitehad  antanna.  Tbla  iapadanoa 
ganarator,  daalgnad  by  S.  A.  Bowhill  of  tha  Ionosphere 
Raaaareb  Laboratory,  la  required  for  coupling  beeauaa  of 
the  ralatlraly  high  currants  used  in  switching.  It  also 
auppliaa  a  ready  naans  of  adjusting  tha  atairatap  laTal  ao 
that  tha  roltaga  la  sufficient  to  operate  all  of  tha  unite 
of  tha  swltohad  antanna  ayataa. 
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If  avltlple  •ehoes  are  present  after  reflection 
from  the  lonoephere,  a  Method  nnst  be  arallable  for  rejec¬ 
tion  of  the  unwanted  ones  before  photographing.  The  inten¬ 
sity  gate  proTides  such  a  Method.  It  consists  of  delay 
MultiTibratora  which  provide  a  3OO  psee  pulse  to  be  applied 
to  the  cathode  of  the  recording  oscilloscope  at  the  tine 
the  echo  appears.  By  reducing  the  intensity  of  the  oscil¬ 
loscope  ,  only  the  selected  echo  is  visible  for  photograph¬ 
ing.  This  brightening  gate  also  has  an  application  in  the 
phase  analysing  unit  to  be  diecussed  in  a  subsequent  section 
of  this  chapter. 

The  300  kc/s  receiver  enployed  in  the  switched 
antenna  systen  was  designed  by  P.  A.  Chiavacci  of  the  Iono¬ 
sphere  Research  Laboratory.  It  is  a  superheterodyne  re¬ 
ceiver  enploying  three  radio  frequency  stages  at  300  ke/s 
and  a  nizer  and  three  internediate  stages  at  lUOO  ke/s. 

The  bias  supply  is  a  Laabda  power  supply  aodel  71» 
which  delivers  approzinately  $0  na  at  30  volts  under  noraal 
operating  conditions.  It  has  a  vernier  on  the  voltage  ad- 
justaent  for  Minor  changes  of  the  switch  operating  voltages. 

The  tlnlng  center  is  a  20  rpa  motor  which  operates 
a  aieroswltch.  This  in  turn  aupplies  the  necessary  iapulaee 
to  advance  the  fila  and  switch  the  aaapllng  froa  aaplitude 
to  phase  at  the  unit  labeled  "switch”.  The  recording  caaera 
is  a  Cossor  camera  modified  by  the  addition  of  a  pulse  motor 
on  the  film  advance  shaft.  This  allows  a  snapshot  fora  of 
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raeordlng.  Since  the  recorded  algnel  voltagee  Ttrj  eone- 
tiiiee  very  rapidly,  a  snail  horlaontal  shift  is  imposed  on 
the  oscilloscope  trace  as  the  flln  is  adranced.  At  the 
next  filn  adrance  the  trace  returns  to  its  original  position 
and  the  cycle  then  repeats.  This  prerents  the  recorded 
signals  from  running  into  each  other . 

The  method  of  operating  the  equipment  and  mea¬ 
suring  amplitude  yariations  at  the  antennas  as  a  function 
of  time  ulll  now  be  described.  With  all  units  turned  on, 
the  bias  yoltage  should  be  adjusted  to  30  yolts.  A  fluc¬ 
tuation  of  the  current  indicator  on  the  bias  supply  of  ap¬ 
proximately  ^  5  ma  about  the  50  ma  mark  indicates  that  the 
stairstep  generator  is  coupled  into  the  line.  The  period 
of  fluctuation  of  the  meter  is  that  of  the  oscilloscope 
sweep  which  is  500  m  sec  .  The  stairstep  output  may  be  moni¬ 
tored  at  the  output  of  the  low  impedance  unit  by  a  test 
jack  at  the  front  of  the  unit.  The  gain  adjustment  of  this 
unit,  also  located  on  the  front  of  the  chassis,  should  be 
adjusted  so  that  the  stairstep  output  is  about  5  volts  per 
step.  The  delay  gate  control  on  the  oscilloscope  should 
then  be  adjusted  so  that  the  stairstep  recycles  after  six 
steps . 

At  this  point  the  output  of  the  receiver  can  be 
monitored.  With  maximum  receiver  gain  the  noise  output  ap¬ 
pears  as  six  discrete  portions  corresponding  to  the  six  an¬ 
tennas.  If,  at  this  time,  a  300  ko/s  CW  signal  is  applied 
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to  th«  potitlT*  bi«a  ulr*  •ho«n  in  Figure  2,  It  ■•rTts 
«n  antennaf  and  the  raealrar  output  no«  oonalats  of  six  la- 
pul  aaa  of  Tarjlag  half hi  aaeh  aa  alda  aa  tha  "on"  tin#  of  a 
aingla  atap. 

Tha  ajataa  la  noa  raad^  for  raeording.  After 
turning  tha  OV  algnal  off,  tha  oaellloaeopa  auaap  period  la 
deeraaaad  ao  that  one  ground  pulaa  and  tha  akj  aaraa  can  be 
obaarTad .  An  Integral  part  of  tha  loa  Inpadanca  generator 
la  a  rarlabla  Toltaga  ahleh  ean  be  uaad  to  aanpla  anj  of 
the  antennae.  Uaually  It  la  aat  to  aanpla  antenna  nuifbar 
1  at  thla  tine,  and  tha  Intanaltj  gate  la  adjuatad  ao  that 
onlj  tha  aalaetad  echo  la  rlalbla  ahan  tha  Intanaitj  la 
turned  down  on  tha  oaellloaeopa.  Whan  thla  la  dona,  tha 
avaap  rata  la  raturnad  to  500  n  aae,  and  tha  loa  Inpadanoa 
generator  la  aaltehad  to  eoupla  tha  atalratap  to  tha 
aaltehaa . 

Aeroaa  tha  faea  of  tha  aeopa  alx  Inpulaaa  ahould 
appear  ahleh  eorraapond  to  tha  algnal  anplitudaa  at  tha  alx 
antennae.  Tha  timer  unit  la  than  aetiratad,  and  a  raoord- 
ing  la  made  of  tha  tine  rarlationa  at  aaeh  antenna,  lor- 
nally  the  records  of  the  first  ni^ht  are  used  to  adjust  the 
IndlTldual  praanplif lars .  ayaraglng  tha  outputa  at  aaeh 

antenna  for  a  long  period  of  tine  tha  eorraetion  factors 
naeaasary  to  aqualisa  tha  IndlTldual  gains  are  obtained. 
These  eorraetions  ean  be  made  raadilj  by  naans  of  tha  gain 
control  on  aaeh  praanplif lar .  lornally  one  such  adjustnant 
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l8  satisfactory  for  tha  Ufa  of  tha  battary  In  aaoh  unit. 
Oparatlon  parlods  of  tao  Months  and  longar  hara  baan  nsad 
with  goad  rasttlts.  A  typieal  fiald  antanna  vnlt  Is  shown 
in  Figvra  $ . 

B.  PHASE  AHALTZmO  SBCTIOM  OF  THE  SWITCHED  ANTEMNA  SYSTEM 

Tba  nathod  of  dataotion  of  phasa  variations  with 
tha  a Ida  apartnra,  saltohad  antanna  systan  la  slnllar  to 
that  anployad  by  Houston. In  this  nathod  tha  Toltaga  of 
an  oscillator  la  phasa  lockad  to  tha  ground  pulsa  at  a  fra- 
quancy  loaar  than  that  of  tha  aeho .  Tha  acho  Is  than  nixad 
alth  this  oscillation,  and  tha  phasa  changes  appear  as  In- 
tarfaranca  fringes  which  are  displaced  In  tine  alth  changing 
phasa  of  tha  obaaraad  sky  waae.  This  nathod  la  aqulaalant, 
for  axanpla,  to  tha  use  of  two  closely  spaced  aaaalanftho  cC 
light  in  a  Fabry-Parot  Intarfaronatar . 

Tha  fringe  display  nathod  Is  unsuitable  for  use 
in  tha  switched  antenna  systan  bscausa  of  tha  raqulranant 
that  tha  display  be  readily  adaptable  to  digitisation.  An 
altarnatlra  nathod  is  to  phasa  lock  a  burst  of  oscillation 
at  tha  sane  frequency  as  tha  aeho.  Whan  tha  echo  is  nizad 
with  this  burst,  phasa  changes  will  appear  as  changes  in 
anplituda  about  tha  laael  of  tha  locked  oscillator. 

The  nathod  of  phasa  detection  is  shown  in  Figure 
6.  Tha  anpliflar  and  blocking  oscillator  are  fad  by  tha 
phantastron  output  and  supply  the  trigger  for  a  dalqy  nulti- 
Tibrator.  Tha  delay  is  necessary  because  tha 
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■Tnehronlsatlon  pult*  l«adi  the  ground  pulse  bj  epprozi- 
■stslj  50  ^sse .  The  ons-shot  nultlTlbrator  hss  s  nsgstlTS 
output  pulse,  900  ^see  long  uhleh  gates  a  lltOO  kc/s  oscil¬ 
lator.  The  output  of  the  superheterodjne  recelyer  Is  ap¬ 
plied  to  tvo  places.  First  the  echo  is  gated  by  the  Inten¬ 
sity  gate  pulse  preTlously  described,  so  that  only  the 
ground  pulse  phase  locks  the  triggered  oscillator.  If  the 
gate  uere  not  used,  uhen  the  echo  gets  large  it  would  also 
phsae  lock  the  oscillator  and  defeat  the  purpose  of  the 
ezperlnent .  The  ground  pulse  and  echo  are  then  nixed  with 
the  phase  locked  oscillator  and  detected.  To  proride  a 
■easure  of  the  sine  and  cosine  of  the  phase  angle  a  90 
degree  phase  shift  network  is  actlTSted  on  alternate  scans 
of  the  antenna  systen.  This  serres  to  indicate  the  sense 
of  phase  Tariations  and  prorides  a  neasure  of  the  relative 
phase  angle.  The  theory  of  its  operation  will  be  discussed 
in  Chapter  III. 

The  detected  output  pictured  in  Figure  6  shows  an 
"in  phase"  condition  for  the  echo.  As  the  phase  of  the 
echo  changes  through  I80  degrees,  the  echo  will  appear  as  a 
subtraction  fron  the  fixed  level  of  the  detected  oscillator 
output . 

The  recording  sequence  for  one  conplete  saaple  of 
the  complex  amplitudes  of  the  antennas  isi  amplitude, 
phase  (phase  shifter  out),  amplitude  and  phase  (phase  shift¬ 
er  in).  The  timing  unit  and  switch  shown  in  Figure  U 


•eeoapllth  this  sequence. 

A  soheaetle  of  the  phase  analysing  unit  Is  shown 
In  Figure  7.  Tube  is  the  aaplifier  and  blocking  oscil¬ 
lator  which  triggers  the  delay  nultlTlbrator  V^.  The  delay 
■ultlTlbrator  subsequently  triggers  the  one-shot  aultlYl- 
brator  The  phase  coherent  oscillator  consists  of  V2 

and  This  is  a  cathode  coupled  negatlTO  resistance  clr- 

oult  which  controls  the  tuned  circuit  T^.  The  tank  circuit 
T|^  is  essentially  ahort-elrculted  when  is  in  the  rest 
position.  This  tube  acts  as  a  gate  which  is  unclaaped 
by  a  negatlTS  signal  fron  V^. 

The  secondary  of  T^  is  centertapped  and  prowldes 
two  signals  90  degrees  out  of  phase.  These  two  signals  are 
applied  to  the  grids  of  the  identical  cathode  followers  of 
and  the  outputs  are  alternately  sampled  for  nixing  with 
the  echo.  The  90  degree  phase  shift  is  checked  by  sanpling 
both  outputs  on  a  dual -channel  oscilloscope. 

The  IF  signal  is  fed  to  on  the  screen  grid , 
and  the  intensity  gate,  a  negatiye  pulse,  is  fed  to  the 
control  grid  for  echo  suppression.  The  output  of  is 
then  used  to  phase  lock  the  oscillator.  The  mixing  of  the 
phase  locked  oscillator  and  the  echo  takes  ^'l^ce  in  tube 

^8* 

All  normal  adjustments  of  the  phase  analysing 
unit  can  be  made  by  controls  located  on  the  front  panel  of 
the  unit.  Preparation  for  recording  is  accomplished  by 
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Tlstial  aonltorlng  of  the  phase  unit  output  on  the  recording 
osellloaeope .  The  poaition  of  the  phantaetron  input  control 
ia  auch  that  the  blocking  oscillator  la  just  triggered. 

The  anplitude  of  the  local  oscillator  is  adjusted  so  that 
the  detected  output  as  shown  on  Figure  6  is  about  $  rolts. 
The  local  oscillator  frequencx  is  adjusted  at  T|^  so  that  the 
echo  appearing  on  the  detected  output  has  a  Qausslan  enve¬ 
lope  without  Interference  fringes  of  the  kind  described 
above.  Slight  variations  in  frequency  about  the  center  fre¬ 
quency  of  lltOO  kc/s  then  cause  the  echo  to  undergo  an  appar¬ 
ent  phase  shift  of  160  degrees  or  cause  the  detected  output 
to  reverse  in  sign. 

The  level  of  IF  signal  necessary  to  phase  lock 
the  oscillator  can  be  determined  as  follows.  As  the  IF 
level  is  reduced,  the  detected  ground  pulse  suddenly  starts 
to  change  amplitude  in  a  random  manner,  indicating  loss  of 
phase  lock.  An  alternative  method  is  to  remove  tube  V^. 

This  removes  the  phase  locking  signal,  and  fluctuations 
take  place  corresponding  to  the  difference  in  complex  volt¬ 
age  between  the  oscillator  and  the  ground  pulse. 

Under  correct  operating  conditions  the  ground 
pulse,  being  the  phase  reference,  appears  as  a  steady  sig¬ 
nal  imposed  on  the  pulsed  oscillator.  The  echo,  on  the 
other  hand,  undergoes  gradual  changes  from  positive  to  nega¬ 
tive  and  back  as  the  phase  path  of  the  sky  wave  changes. 

Comparing  the  original  specifications  of  the 
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SKltched  antenna  system  with  the  working  system  It  Is  found 
that  all  reoulrements  stated  at  the  beginning  of  the  chap¬ 
ter  have  been  met.  First  a  rapid  scan  is  achieved  by  means 
of  the  semiconductor  switch  arrangement;  in  fact,  all  antennas 
are  scanned  in  0.5  sec.  The  system  operates  with  a  spacing 
of  180  feet  between  antennas  and,  including  supplementary 
feed  cables,  extends  about  1600  feet  overall.  A  portion  of 
the  antenna  is  Illustrated  in  Figure  8.  In  further  work  a 
line  of  six  antennas  was  constructed  with  a  spacing  of  9OO 
feet  between  antennas,  covering  a  total  distance  of  about 
7000  feet  including  supplementary  feed  cables.  This  ful¬ 
fills  the  requirement  that  the  system  should  operate  with 
wide  aperture,  A  measure  of  the  amplitude  and  phase  at 
each  antenna,  as  well  as  the  sense  of  the  phase  variations, 
has  been  provided.  Moreover,  the  method  of  detection  is 
readily  adaptable  to  digitisation.  All  components  of  the 
system  are  relatively  insensitive  to  climatic  variations. 
The  switching  diodes  are  silicon  and  not  subject  to  varia¬ 
tion  with  temperature  over  the  local  range  which  has  been 
encountered.  The  preamplifiers  have  demonstrated  the 
ability  to  operate  for  long  periods  in  all  seasons  with 
minimum  maintenance. 
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CHAPTER  III 
EXPERIMENTAL  RESULTS 

A.  REDUCTION  OF  RECORDS 

A  typical  section  of  record  taken  with  the  wide 
aperture  antenna  system  is  shown  in  Figure  9.  In  succes¬ 
sive  intervals  of  three  seconds  the  following  parameters 
are  measured:  amplitude,  in-phase  component,  amplitude  and 
quadrature  component.  The  time  for  each  sample  could  be 
shortened  by  a  factor  of  three,  but  the  fade  periods  are 
easily  observable  with  a  three  second  sample,  and  the  extra 
time  for  photographic  integration  gives  superior  records. 

The  analysis  of  the  amplitude  portions  of  the 
record  proceeds  as  follows.  Using  a  35  mm  desk  projector, 
the  pulse  lengths  are  measured  with  a  scale  suitable  to 
cover  the  range  of  amplitude  fluctuations  over  the  sample 
time.  The  amplitudes  are  then  plotted  as  a  function  of 
time  for  each  antenna,  as  shown  in  Figure  10.  In  this  dia¬ 
gram  the  various  amplitudes  have  not  been  normalized.  That 
is,  no  compensation  has  yet  been  made  for  preamplifier  gain 
differences  and  line  attenuation. 

It  is  apparent  from  comparison  between  the  ampli¬ 
tude  variations  at  each  antenna  that  there  is  a  high  degree 
of  correlation  between  close  antennas  and  that  the  correla¬ 
tion  decreases  with  increasing  separation  of  the  antennas 
being  compared.  Since  the  various  maxima  and  minima  are 
related  ,  if  the  antenna  array  were  planar  instead  of  linear. 
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FIGURE  9 
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•  ■•aanrt  of  tho  toaporal  displaeoHont  of  relatad  floetna- 
tlona  aoald  glTa  tha  drift  Taloeltj  of  tha  Irragalarltlaa 
eaaalng  tha  flaotaatlopa . 

Tha  aeallng  of  tha  phaaa  raeorda  la  alao  ainpla. 

A  rafaranea  llna  aaa  proTldad  on  tha  oaollloaoopa  dlaplaj 
ahleh  appaara  aa  a  ahlta  apot  on  tha  flln.  Tha  aagnitTida 
of  tha  axonraion  of  tha  dlaplaj  fron  thla  rafaranoa  glraa  a 
■aaanra  of  tha  In-phaaa  and  quadrature  phaaa  eoaponanta. 

For  each  antenna  It  la  naeaaaarjr  to  Baaaure  tha 
pulaa  height  and  Ita  aenaa  for  the  two  caaea  when  the  phaaa 
ahlft  natuork  la  actlre  and  inactive.  Since  the  phaaa  ahlft 
aotlvatlon  Increaaea  tha  phaae  of  tha  akj  wave  by  90  da- 
graaa,  the  phaae  angle  at  each  antenna  can  ha  dataraihad 
by  tha  folloalng  procedure. 

Aaauaa  that  tha  phaaa  axcuraion  ahan  tha  phaaa 
ahlft  nataork  la  inactive,  given  b} 

-  R  ainA,  (l) 

ahara  R  ia  aoaa  eonatant  or  function  of  tha  adding  oironit. 

a 

Than  ainoa 

ain{9+90®)  •  coaA,  (2) 

if  indlcatea  the  phase  excursion  uith  the  phaae  ahlfter 
in  than 


^o  R  ain9 
"  R  ooaA 


tanA; 


(3) 


or,  oonTaraaly,  tha  phase  angle  is  given  by 
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^  ■  are  tan  (U) 

*1 

The  ratio  of  the  t«o  phase  conponenta  la  thus  a 
neaaiire  of  the  phase  an^le  of  the  received  wave.  The  quad¬ 
rant  In  which  the  angle  lies  can  be  determined  from  the 
sense  of  the  phase  components.  For  example,  If  the  Intro¬ 
duction  of  the  phase  shift  results  in  a  positive  signal  as 
previously  defined  and  if  the  original  signal  was  positive, 
then  the  angle  lies  in  the  first  quadrant  since  the  phase 
shift  is  a  lead.  Similarly,  a  change  from  positive  to  nega¬ 
tive  indicates  the  second  quadrant,  negative  to  negative  the 
third  and  negative  to  positive  the  fourth  quadrant. 

The  results  of  this  analysis  are  shown  in  Figures 
11  and  12  for  the  phase  records  taken  with  the  amplitude 
records  of  Figure  10.  The  time  scales  for  the  phase  and 
amplitude  variations  are  the  same. 

B.  THE  WIDE  APERTURE  ANTENNA  AS  A  DIRECTION  FINDER 

A  detailed  statistical  study  of  records  obtained 
with  the  wide  aperture  antenna  system  is  beyond  the  scope 
of  this  study;  however,  if  the  antenna  system  is  treated  as 
a  phase  sensitive  direction  finder,  the  angle  of  arrival  of 
a  specularly  reflected  wave  can  be  determined.  From  geo¬ 
metrical  considerations  the  angle  of  arrival  should  be  2 
degrees  from  the  vertical. 

A  phase  sensitive  direction  finder  compares  the 
phase  of  two  or  more  signals  at  antennas  located  a  known 
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dlttane*  apart.  For  an  ionoapbarleallj  raflaetad  vara  an- 
of  arrlral  dlffarant  from  the  ▼artleal  vill  eanaa  a 
phaaa  ahlft  at  aaeh  antanna  ralatira  to  tha  first  antanna. 
Tha  nagnltnda  and  sense  of  tha  ralatira  phase  ahlft  depends 
on  tha  aagnltoda  and  sense  of  tha  angle  of  arrlral. 

Tha  gaonatry  of  tha  transnlttar  and  svltehad  an¬ 
tanna  locations  Is  shown  In  Figure  13.  The  half-asTa  folded 
dipole  at  Scotia  radiates  the  ground  waTs  with  a  nagnetle 
field  ware  norsial  inclined  28  degrees  to  the  direction  of 
the  switched  antenna  array.  Since  the  transmitter  is  lo¬ 
cated  S,S  km  from  the  switched  antenna  and  the  height  of 
reflection  of  the  ware  is  approximately  100  km,  the  refer¬ 
ence  angle  for  specular  reflection  is  2  degrees  from  the 
rertioal. 

If  the  angle  of  arrlral  of  the  sky  ware  is  denoted 
by  and  and  #2a  phase  angles,  respeetirely,  of 

the  first  and  last  antenna  in  the  line,  then 

♦2s  '  ♦is  •  ^5) 

where  d  is  the  separation  distance  of  the  two  antennas,  and 
\  is  the  warelength.  Similarly  if  0  is  the  angle  of  arrl- 
ral  of  the  ground  ware  and  and  r*latire 

phase  angles  at  the  first  and  last  antennas  due  to  the 
ground  ware,  then 

♦2g  ■  ♦ig  " 


Subtracting  (6)  from  (5), 
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The  difference  of  the  two  quantities  on  the  left 
side  of  equation  (6)  can  be  readily  determined  by  the  mea> 
surement  of  the  relative  phase  difference  along  the  line 
for  echoes  received  from  a  quiet  Ionosphere.  The  records 
chosen  are  shown  In  Figures  lli,  1$  and  16.  Aside  from  two 
marked  devl,atlona,  the  first  portion  of  the  amplitude  re¬ 
cord  for  antenna  one  and  subsequent  antennas  shows  a  fairly 
shallow  fluctuation  with  time.  The  relative  phase  differ¬ 
ences  along  the  line  were  calculated  for  this  period,  and 
the  results  are  shown  in  Figure  17*  The  beginning  of  this 
time  plot  corresponds  to  the  beginning  of  the  amplitude  and 
phase  plots,  and  the  time  scale  Is  the  sane.  Since  this 
phase  difference  ranges  from  zero  to  10  degrees.  If  this  is 
substituted  In  the  left  hand  side  of  equation  (7),  the 
angle  of  arrival  of  the  sky  wave  must  vary  from  degrees 
to  59  degrees  from  the  vertical .  For  this  computation  X  is 
1  km,  d  Is  0.275  km  and  9  Is  62  degrees. 

The  angle  of  arrival  as  computed  from  (7)  Is  much 
greater  than  the  expected  value  of  approximately  2  degrees. 
This  nay  be  due  to  false  assumptions  about  the  specular 
reflection  of  the  sky  wave.  The  fault,  however,  appears  to 
lie  with  an  anomalous  propagation  of  the  ground  wave. 

Tests  have  been  made  to  determine  the  angle  of  arrival  of 
the  ground  wave  at  each  antenna,  and  It  was  found  that 
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g«n«rall7  the  angle  of  arrlTal  eaa  different  at  different 
helghta  on  the  aupporting  polea.  In  particular,  the  cate¬ 
nary  aupportlng  the  neeeaaary  biaa  and  ahlelded  oablea  ap- 
peara  to  affect  the  angle  of  arrival  greatly.  A  nethod  of 
overconing  thia  deficiency  will  be  diacuaaed  in  Section  A 
of  Chapter  V. 


C.  COMPARISON  OF  RESULTS  WITH  OTHER  WORK 


If  the  angular  apread  of  phase  dlfferencea  of  the 
sky  wave  nesaured  at  the  aultched  antenna  array  ia  treated 
as  an  angular  apectrun,  a  coaparison  of  the  structure  else 
of  the  irregularity  causing  the  spread  can  be  made  vith 
prevloua  neasurenents  at  the  sane  frequency. 

Bouhlll^^  shoned  that  the  angular  pover  spectrun 
energlng  from  an  Irregularity  is  given  by 


where  D  is  the  structure  sise,  and  S  is  the  sine  of  the 
angle  between  the  wave  nornal  and  the  vertical.  For  a 
Gaussian  autocorrelation  function  the  size  of  an  irregular¬ 
ity  is  specified  when  the  Gaussian  drops  to  0.61  or 


2n^D^S^ 


i. 


(9) 


This  gives  a  value  of  D, 

D 


X 

TO- 


(10) 


The  average  angular  deviation  for  the  period  shown  in 
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Flgure  17  la  approxiaatsly  5  degrees.  If  D  Is  conputed 

from  (10)  ehere  X  ■  1  kn  and  S  ■  sln$^,  then  D  is  1.8  ka. 
22 

Lee  in  a  separate  neasureaent  of  structure 
sites  at  300  ke/s  has  found  Initially  that  the  structure 
else  la  3^1  ka.  The  result  deteralned  by  the  aide  aper¬ 
ture  saltched  antenna  aystea  Is  compatible  alth  his  find¬ 
ings.  Further  aork  Is  necessary,  of  course,  In  obtaining 
and  reducing  records  before  full  credence  can  be  placed  In 
the  results  of  the  aboae  analysis. 
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THIORBTICAL  COR SID IRAT IONS  AND  DISCUSSION 
A.  SAT  TNBOST 

As  a  first  nsthod  in  the  inTestigation  of  effects 
produced  by  an  irregularity  on  incident  radiation,  geo- 
■etrical  optics  will  be  employed.  By  definition  this 
branch  of  optica  is  characterised  by  neglect  of  wavelength 
or  is  a  treatment  of  propagating  electromagnetic  dlstur- 
banees  as  rays  not  subject  to  scattering  or  spreading. 

This  limiting  case  of  optics  may  be  treated  in 
terms  of  the  first  order  Maxwell  equations.  In  regions 
free  of  eharges  and  currents  these  aret 


curl  H  ♦ 

(11) 

curl  E  -  Ik^M^h  "0, 

(12) 

div  eE  •  0, 

(13) 

div  pH  ■  0 . 

(lU) 

Here  the  relations  D  -  eE,  B  -  (xH  and  ■  o>/c  ■  2a/X^, 
where  is  the  free  space  wavelength,  have  been  used. 

A  homogeneous  plane  wave  in  a  medium  of  refree- 

tive  index  ti  -  may  be  represented  in  a  very  general 

manner  by 

B  ■  B^(r)e^''®*’^'»®^  H  -  (r  ^ ,  (15) 

0  i.  ' 

where  P(r,6)  is  the  optical  path  in  terns  of  two  spherical 
coordinates,  (r,6}  and  and  are  functions  of  position. 
Using  vector  relations  for  curl  and  divergence,  the 


•quttloni  (15)  b«ooa« 

ottrl  H  ■  [otirl  Hj^+lk^(fr*d  PXHj^ j] •^*‘0**  (16) 

dlT  vM  •  ^ifcdlT  ♦  (Hj^ ‘grad  11)  ♦  ik^(MHj^ *grad  (17) 

curl  E  -  jcurl  Ej^  +  ik^(grad  PXE^)je^^o^,  (I8) 

dlY  el  ■  jedlv  +  (B^*grad  •)  ♦  lk^M-(*^ 'gr^d  P^a^*'®^.  (19) 

Upon  aubatitutlon  of  aquatlona  (16)-(19)  into  Nasvall'a 
aeuatlona  (ll)*(l5)* 

(grad  PXHj^)  ♦  «»i  "  -  c®'!  (20) 

o 

(grad  PXlj^)  -  *1»  (25-) 

o 

(■•grad  P)  ■  -  -j^lTE^’grad  loga)  ♦  dlT  1^  ,  (22) 

(R'grad  P)  •  -  j^|THj^*grad  logii)  ♦  dir  ,  (23) 

Solution  of  (20) 0(23)  aa  X  — ^  0  iapliaa  that  tha 
right  aidaa  of  tha  aquatlona  baeoaa  nagllglblj  aaall  or 

(grad  PXHj)  +  812^-0,  (2U) 

(grad  PXlj)  -  -  0,  (25) 

(Ej^’grad  P)  -  0,  (26) 

(Hj^-grad  P)  -  0.  (27) 

SolTlng  for  froa  (25)  and  aubatltutlng  In  (2U), 
^j^l^tgrad  P)grad  P  -  l^(|grad  p|)^+  al^  - 


0.  (28) 


B«t  from  (26),  (S^«grad  P)  is  zero  and  ihartfor* 

|grad  P(2  -  (29) 

The  surfaces  P(r,6)  ■  constant  are  called  the  geo* 
■etrlcal  eave  surfaces  or  the  geonetrlcal  uaref rents. 
Oeoaetrleal  light  rays  are  accordingly  defined  as  the  or¬ 
thogonal  trajectories  to  the  esTefronts  P(r,6)  ■  constant. 

The  implications  of  (29)  are  as  follows.  Assume 
that  a  plane  waye  has  been  reflected  by  the  ionosphere  and 
is  incident  on  an  irregularity  which  is  characterised  by 
some  P(r,8).  The  warefront  will  transform  from  a  straight 
line  in  such  a  way  that  equation  (29)  is  satisfied.  In  other 
words,  the  surface  of  constant  phase  will  become  an  irregu¬ 
lar  eurre.  Upon  emergence  from  the  irregularity,  the  ways* 
front  will  propagate  so  that  the  structure  at  the  ground 
will  be  some  multiple  of  the  structure  at  the  layer.  Oeo- 
metrloal  optics  does  not  consider  interaction  of  the  rays 
to  occur  at  any  place  other  than  the  obserying  plane. 

It  is  possible,  therefore,  to  yisuallse  a  mech¬ 
anism  which  produces  an  irregular  ground  pattern  whioh 
yarles  in  tine  by  consideration  of  a  moying  irregularity 
and  geometrical  optica.  The  ahortcomlnga  of  this  approach 
are,  howeyer,  manifest.  In  the  first  place,  there  is  no 
eyidence  that  the  irregularity  siie  is  so  large  that  waye- 
length  can  be  neglected  at  300  kc/s.  Upon  this  assumption 
of  course,  depends  the  neglect  of  spreading,  or  diffraction 
effects,  and  scattering  as  preyioualy  defined.  These 


obTlovs  ahortoeaingi  naeaaaitata  th«  rigorous  spproseh 
uhieh  follous. 


B.  CONCIPT  OF  AN  ANOULAR  SPECTRUM  AND  ITS  APPLICATION 
TO  DIFFRACTION  PROBLEMS 

Tho  Csrtsslsn  eoupononts  of  E  and  H  In  s  wsto 
satisfy  ths  aquation 

V^V(r,t)  -  ^  (r»t),  (30) 

c  at 

vhara  V(r,t)  rafers  to  aaeh  raetsngular  conponant  of  tha 
flald  Taetors .  For  tha  tuo-dlnenslonal  easa  slnea 


and 


tha  uara  aquation  Is  slnply 


(31) 


(32) 


l!i  .  iis  ♦  l.2y  .  0 . 


(33) 


ax"  ay" 

A  fundsaantal  solution  of  (33)  is  of  tha  form 

T  .  .I"'  ”•(»-«),  (31.) 

uhera  r,  0  <  0  <  2n  are  polar  coordinates  related  to  tha 
Cartesian  conponants  by 

X  •  r  COS0,  (35) 

y  •  r  8in0  (36) 


and  a  Is  tha  anf^la  batvaan  tha  direction  of  propagation  and 
tha  X  axis. 
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Whittaker  and  Watson  have  shown  that  any  solu¬ 
tion  of  (33)  can  be  put  in  the  form  of  an  angular  speetrua 
of  plane  waves  denoted  by 

V  .  Jp(a)6i’"  (37) 

by  a  proper  choice  of  the  function  F(a)  and  the  path  of 
integration . 

As  an  example  of  the  solution  of  the  wave  equa¬ 
tion  (33)  by  an  angular  spectrum,  consider  a  plane  wave 
incident  on  an  infinitely  thin  conducting  sheet  situated  at 
y  >  0.  Assume  further  that  a  current  sheet  is  induced  by 

the  wave  which  has  only  one  component,  J  ,  and  that  this 

z 

current  sheet  is  responsible  for  re-radiating  waves  into 
the  half  plane  y^O  (see  Figure  I8).  This  current  sheet 
can  be  considered  as  a  diffracting  plane  interposed  between 
the  observer  and  the  wave  source. 

A  solution  of  Maxwell's  curl  equations  shows  that 
the  tangential  component  of  E  is  continuous  in  crossing  an 
infinitely  thin  current  sheet  while  the  tangential  compon¬ 
ent  of  H  is  discontinuous.  In  particular,  the  discontinu¬ 
ity  in  H  is  in  the  tangential  component  normal  to  the  cur¬ 
rent  density  J  and  is  of  magnitude 


For  the  ease  of  a  current  sheet  located  at  y  -  0  with  the 
single  component  J. ,  there  are  two  components  of  H ,  and 
from  symmetry 


CONCEPT  OF  AN  ANGULAR  SPECTRUM 
ricuiii  IS 
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(39) 

X  c  z 

with  th«  upper  or  loner  sign  depending  on  nhether  7  reachea 
zero  through  positive  or  negative  values  respectively. 

The  problem  of  ionospheric  diffraction  can  non  be 
formulated  nith  a  current  sheet  model.  If  a  ground  trans¬ 
mitted  nave  is  reflected  by  the  ionosphere  and  is  incident 
on  an  irregularity  nhich  is  considered  as  a  conducting 
sheet,  currents  are  Induced  nhich  give  rise  to  re-radiated 
naves . 

In  particular,  assume  that  the  nave  denoted  by 

I  .  (0,0, D.i'''  «•(«-»>  (UO) 

end 

H  .  (slna,-co.a,0),l''’^  coa(e.«) 
is  radiated  into  the  half  space  y  >0  by  an  Induced  current 
J  .  It  can  be  readily  seen  that  a  current  given  by 

^  .IXr  (1,2) 

satisfies  equation  (39)  for  given  by  ( Ul ) .  In  particu¬ 
lar  ,  at  y  •  0 

S  ®°®“oino.  (i43) 

Since  any  current  distribution  can  be  built  up  by  an  appro¬ 
priate  superposition  of  (143),  assume  that  the  current  dis¬ 
tribution  is  given  by 

uu 
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Th«  ehang*  of  rariable 


P  •  eoaa 


in  (ItU)  glvaa 

J^(x,0)  ■  8lnoP{ COSO 


(It5) 


(li6) 


vhara  c  denotaa  the  path  along  which  coaa  ranges  through 
real  values  fron  -*  to  •.  At  sone  distance  7  from  the 
screen  the  phase  factor  will  have  an  additional  contribu¬ 
tion  fron  7  sina  or 

f  .InaPCeo..).**'’' 


■  it 


(ii7) 


Jc 


fron  (39)  it  la  evident  that 


■  1 


slnaP(cosa )e 


Ikr  co8(67a) 


da 


(1*8) 


nith  the  upper  sign  for  7^0  and  the  lower  sign  for  7<0. 

For  the  two-dlnenslonal  wave  equation  solution 
such  as  is  being  considered  here,  it  is  also  true  that 


and 


H. 


H 


1 


•  Ti  W 


(U9) 


,  dE 
1  % 


7  Tic  TjT 

For  the  particular  wave  polprlzatlon  being  con¬ 
sidered,  the  renainlng  two  non-iero  field  conponents  are 
therefore 

,lkr  eos(67a) 


(50) 


Hy(x,7)  ■  -J  co8aP(co8a)« 


'da 


(51) 


and 
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*  (x.y)  •  f 

*  Je 

It  ia  of  Interest  to  consider  the  value  of 
E  (x,0).  This  ia  given  by 

s 


E^(x,0) 


P(cosa)e^‘'* 


(52) 


(53) 


By  the  theory  of  Fourier  transforms, 
P(coaa)  ■ 


2 


(5U) 


Equations  (53)  and  (5ii)  may  be  summarized  by 
stating  that  when  a  one-dimensional  diffracting  screen  is 
illuminated  by  a  monochromatic  wave,  the  angular  spectrum 
produced,  expressed  in  terms  of  the  cosine  of  the  angle  be¬ 
tween  the  wavefront  and  the  x  axis,  is  the  Fourier  transform 
of  the  distribution  of  complex  amplitude  over  the  wavefront 
just  as  it  leaves  the  screen  (see  Figure  18). 

Using  the  substitutions 

C  ■  COSO  (55) 


and 


8  ■  sino, 

equation  (52)  can  be  rewritten 


E^(x,y)  - 


P(c)e“<«*P"^da. 


(56) 

(57) 


JC 

The  plane  waves  corresponding  to  the  limits  of 
Integration  along  the  real  axis  are  homogeneous  and  radiate 
into  the  regions  y>0,  y<0.  The  imaginary  limits  give 
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rla*  to  inhonogonoout  votos. 

For  oxaaplo,  if 

o  -  ♦  lOg,  (58) 

than 

^ikr  ooa(6-a)  ,  ^ikr  coaha2eoa(e-ai)^-kr  8lnha2aln(6*a]^) 

indicating  that  tha  aqnlaaplltudo  and  aqnlphaaa  planoa  art 
Mutually  perpendicular.  In  thla  ease  the  direetiona  of 
phaae  propagation  are  along  the  poaitiye  and  negative  x 
direetiona,  and  the  anplitudea  are  attenuated  exponentially 
in  the  direction  noraal  to  and  auay  fron  y  -  0.  Theae 
uavea  are  called  evanescent  naves  and  on  the  average  carry 
no  energy  anay  from  the  screen. 

Prom  comparison  of  equations  (53)  and  (52),  it 
is  apparent  that  ,  in  traveling  the  distance  from  (0,0) 
to  (0,y^),  undergoes  a  phase  retardation  of  amount  A# 
nhere 

A#  ■  kay^.  (60) 

Since 

s  -  (1-c^)^,  (61) 

-  7  ^o®^*  ^^2) 

The  component  ky^  represents  the  phase  delay  of 

the  undiffracted  nave  in  traveling  the  distance  y^  and 
k  2 

-  y^c  represents  an  additional  phase  gain  nhlch  is  under¬ 
gone  by  the  component  of  the  angular  spectrum  traveling  in 
the  direction  c.  For  a<10®  equation  (62)  is  fairly  exact. 


In  oth«r  norda,  If  g(x)  rapraaanta  the  dlatrlbntion  of  eon* 

plex  amplitude  in  the  diffraction  pattern  at  ulth  the 

phaae  referred  to  (Oty^)*  then  g(x)  la  formed  by  the  aame 

angular  spectrum  at  the  diffracting  screen,  but  the  phase 

k  2 

of  each  component  is  advaneed  by  an  amount  j  y^c  for 
a^clO^.  Employing  the  notation  used  by  Ratcliff e^^  to  sym¬ 
bolise  Fourier  transforms,  this  relationship  may  be  denoted 

-1  ^ 

g(x)  F(c)e  ^  ®  •  q(c),  (63) 

where  Q(e)  represents  the  angular  spectrum  referred  to  the 
point  (Ojyg). 


C.  THE  GENERALIZED  SPATIAL  AUTOCORRELATION  FUNCTION  AND 
THE  WIENER-KHINTCHINE  THEOREM 

If  a  complex  amplitude  function  F(x)  has  a  mean 
▼alue  of  sero,  it  is  sometimes  convenient  to  use  its  gen¬ 
eralised  spatial  autocorrelation  function  defined  by 


p(t) 


J  F(x)F*(x+y)dx 


i: 


— f 

F(x)F*(x)dx 


(6k) 


where  the  asterisk  indicates  the  complex  conjugate. 

particular,  if  F(x)  is  equal  to  E  (x,0),  then 

8 


In 


(65) 


If  F(x)  and  g(x)  are  the  complex  amplitude 


-re¬ 
distributions  oyer  the  screen  and  the  observing  plane  res- 
peotively,  then  using  the  previously  defined  notation  for 
Fourier  trsnsforasi  the  follouing  relations  are  evidentt 


F(x)  P(c) , 

(66) 

pfir)  |p(c)l^, 

(67) 

g(x)  <7^  P(c )e  , 

(68) 

and 

1  4k.  .2,2 

iig(r)  |p(.).  ’  “  1  . 

(69) 

or 

J 

! 

Pj(y)  |p(c)|  *  . 

(70) 

Squ  atlons  (67)  and  (70)  show  that  the  generalized  spatial 
autocorrelation  function  is  invariant  with  the  distance  of 
the  observer  froii  the  screen. 

‘  0.  IZTtMSIOM  TO  A  TVO-DIMtISIONAL  SCREEN 

I 

The  foregoing  analjsis  nay  be  oxtended  to  t'le  dif¬ 
fraction  effects  produced  when  aonochroeatic  radiation  is 
incident  on  a  teo-dieensional  conducting  plane.  If  one 
assuaes,  for  ezaaple,  that  the  induced  current  J  has  two 
coaponents,  a  teo-diaenslonal  Fourier  integral  can  be  used 
to  represent  it  and  subsequently  yield  the  tvo-diaenslonal 
representation  of  field  coaponents.  In  addition,  the  aave 
equation  aust  be  solved  in  three  diaensions. 

However,  since  this  study  is  prinarlly  an  inves¬ 
tigation  into  aethcds  of  recording  and  analysing  diffrac¬ 
tion  patterns  rather  than  a  detailed  investigation  into 
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thair  o«T28«8,  th8  t«o-dl««n8lon8l  dlffraotlon  pattarn  Mill 
dot  ba  dlaouaaad . 
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CRAPTII  ▼ 

SUMMARY  AND  CONCLUSIONS 

Th«  8p«elfle  problta  to  bo  solrod  In  tblo  stndj 
is  tho  doTolopaent  of  a  toehnlquo  for  atudjing  tho  angular 
apootrun  of  lonoapharieallj  raflaetad  uaroa .  Tho  largo 
bodj  of  Inrostlgatlona  doalt  with  in  Chaptor  II  indicates 
that  fluctuations  in  tho  anplitudo  and  phase  of  ionosphori- 
oally  rofloctod  votos  are  oausod  by  irregularities  or  dense 
patches  of  ionisation  in  notion  in  the  ionosphere.  A  fora 
of  representation  of  theae  irregularities  is  a  thin  dif¬ 
fracting  screen.  VaTos  incident  on  such  a  screen  are  re¬ 
radiated  in  the  fora  of  an  angular  spectrua  of  plane  aaTos 
ahich  can  be  reconstructed  at  the  ground  to  yield  inforaa* 
tion  about  the  irregularity. 

The  aide  aperture*  high  directiTity,  scanned  an¬ 
tenna  array  doToloped  in  the  course  of  this  study  proaideo 
a  ready  aeans  of  detecting  the  angular  spectrua.  Tho  basic 
unit  of  the  array  is  a  sealconductor  saitoh  ahich  peraits 
rapid  sequential  eaapllng  of  six  antennas  in  a  linear  array. 
By  aeans  of  a  phase  looked  oscillator  arrangeaent*  the 
phase  as  aell  aa  the  aaplltude  of  the  signal  received  at 
each  antenna  can  be  continuously  recorded. 

Records  hOTo  been  taken  aith  the  suitched  antenna 
array,  and  a  eoaparison  aith  independent  aork  in  the  field 
indicates  that  tho  prelialnary  results  are  coapatible  aith 
other  findings. 
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A.  SU00I8TI0IIS  FOB  FURTHER  WORK 

First  a  larger  number  of  records  must  be  obtained 
to  compare  uith  independent  findings.  The  short  samples 
discussed  in  this  study  are  insufficient  to  generalize  com- 
prehenslye  results.  The  method  of  reduction  of  these  re¬ 
cords  should  be  changed,  moreover,  from  the  laborious  visual 
method  to  a  digital  paper  punch  arrangement  which  can  be 
sampled  rapidly  by  a  high  speed  computer. 

In  addition,  the  problem  of  anomalous  propagation 
of  the  ground  wave  in  phase  measurements  should  be  removed. 

A  method  of  accomplishing  this  could  be  instrumented  as 
follows.  A  300  kc/s  receiving  antenna  located  at  the  in¬ 
strumentation  building  would  phase  lock  an  oscillator  at 
300  kc/s  in  the  same  manner  as.  the  lUOO  kc/s  oscillator  is 
presently  locked.  By  means  of  delay  circuitry  a  portion  of 
this  oscillator  would  be  gated  for  200  ^sec  after  the  trail¬ 
ing  edge  of  the  ground  pulse.  This  gated  pulse  would  then 
be  radiated  along  the  antenna  line  and  would  serve,  in 
turn,  to  phase  lock  the  existing  oscillator  for  phase  mea¬ 
surements  of  the  sky  wave.  An  additional  gate  would  be 
provided  to  prevent  the  Scotia  ground  pulse  from  phase 
locking  the  sky  wave  oscillator  reference.  This  method 
would  permit  an  exact  determination  of  the  angle  of  arrival 
of  the  phase  lock  signal  at  each  antenna. 
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